Transgenic (Tg) animals are widely used in researching the characteristics of exogenous genes. Intracytoplasmic sperm injection (ICSI)-mediated transgenesis (ICSI-Tr) has been a useful method for generating Tg animals, especially in the mouse. However, the original methods using freeze-thawed spermatozoa showed severe chromosomal damage and low offspring rates after embryo transfer. Herein, we describe an improved method to generate Tg mice efficiently using a simple pretreatment of spermatozoa with 10 mM NaOH. These spermatozoa lost their plasma membrane and tail, while still maintaining nuclear integrity. Sperm heads were mixed with 0.5-5 ng/ll of the transgene for enhanced green fluorescent protein (EGFP) for 3 min to 1 h at room temperature and were then microinjected into oocytes by ICSI. The best results were obtained when treated spermatozoa were incubated with 2 ng/ ll of EGFP for 10 min; 55.6% of injected embryos developed to the blastocyst stage, and more than half (56.9%) of them displayed EGFP fluorescence. Under these conditions, 12 pups of 34 offspring were positive for the transgene after transfer at the 2-cell stage into pseudopregnant recipient mice (a high rate [10.2%] from manipulated embryos). This method was found to be suitable for hybrid and inbred strains of mouse such as C57BL/6 and 129X1/Sv. Thus, a simple sperm pretreatment with NaOH before ICSI-Tr resulted in an efficient insertion of an exogenous gene into the host genome. This method allows for easy production of Tg mice, requiring fewer oocytes for micromanipulation than classical methods. assisted reproductive technology, early development, sperm, transgenesis
INTRODUCTION
The production of transgenic (Tg) animals carrying gene deletions and insertions is now an important tool not only in basic research but also in building animal models of human diseases. To date, several methods-such as pronuclear microinjection (PNI) [1] [2] [3] , in vitro fertilization-mediated transgenesis (IVF-Tr) [4] , transfection-mediated transgenesis of male germ cell in vitro [5] [6] [7] , transgenesis by somatic cell nuclear transfer (SCNT) [8] [9] [10] , and lentiviral vectors [11] have been used successfully to produce Tg mice and other animal species [12] [13] [14] [15] and recently in nonhuman primates [16] . Injection of a transgene into the male pronucleus at the 1-cell stage seems to be the most popular method to date. However, this approach is inefficient (;4%) and produces high levels of DNA damage [17] [18] [19] . There is also low efficiency in SCNT-mediated transgenesis, as the success rate for producing live offspring by cloning in general remains below 5% [20] . It was reported that the efficiency of producing Tg offspring could be increased to 23.3% using lentiviral vectors [11] . However, this method also has many drawbacks. Because of the size of the RNA genome, only about 10 kilobase (kb) of exogenous DNA can be transmitted by lentiviral vectors [21] , and few laboratories could use this approach because of the highly restricted use of lentiviral vectors. By IVF-Tr, spermatozoa were incubated with exogenous DNA and carried out fertilization on their own [4] . However, some studies [18, 22] showed that IVF-Tr seemed inefficient for transgenesis.
In contrast, intracytoplasmic sperm injection-mediated transgenesis (ICSI-Tr) has several advantages compared with other methods. It requires only intact DNA and is a modification of the standard ICSI approach widely used in assisted reproductive technology and other applied research [23] . For example, this method uses unfertilized oocytes, so the time window for manipulation is very wide, and spermatozoa carrying exogenous DNA can be injected anywhere in the oocyte cytoplasm [24] . In PNI, DNA must be injected into the male pronucleus of a fertilized zygote within a few hours. The binding of exogenous DNA to spermatozoa is mediated by some DNA-binding proteins (30) (31) (32) (33) (34) (35) present in the postacrosomal region of spermatozoa [25, 26] . In addition, CD4 and major histocompatibility complex class II proteins have important roles in the uptake of exogenous DNA by sperm nucleus [27] . However, inhibitory factor I, isolated from the same region of the sperm head, exerts a strong inhibitory effect on the binding of DNA to the sperm nucleus [25, 28] . This is why the efficiency of transgenesis using IVF-Tr or ICSI-Tr with fresh spermatozoa showed lower efficiency than PNI [4, 18, 29, 30] . In contrast, the ICSI technique allowed us to use not only fresh spermatozoa but also demembranated or dead spermatozoa to obtain offspring. Thus, Tg mice were obtained even when spermatozoa were freeze thawed or treated with Triton X-100 to remove the membrane and then incubated with exogenous DNA before being used for ICSI. In addition, yeast artificial chromosome or bacterial artificial chromosome vectors carrying large transgenes (.200 kb) could be inserted into the host genome [31] [32] [33] . However, freeze-thawing and Triton X-100 treatment of spermatozoa leads to severe chromosomal damage and a low rate of offspring production [18, 29, 32, [34] [35] [36] . Therefore, it is necessary to develop a 1 Supported by a Scientific Research in Priority Areas grant (15080211), a grant under the Young Scientists B scheme (19780213) , and a project for the realization of regenerative medicine to T. W. 2 Correspondence: Chong Li, Laboratory for Genomic Reprogramming, Center for Developmental Biology, RIKEN, 2-2-3 Minatojima-minamimachi, Chuo-ku, Kobe 650-0047, Japan. FAX: 81 78 306 3095; e-mail: lichong@cdb.riken.jp convenient procedure that not only maintains a high rate of production of Tg offspring and efficient germline transmission but also avoids damaging the injected oocytes.
We have reported previously that highly alkaline medium can almost completely remove the sperm membrane and acrosome [37] . Oocytes injected with those alkaline-treated spermatozoa required artificial activation for development because the spermatozoa lost their oocyte activation capacity after treatment. At the 2-cell and morula/blastocyst stages, there was no significant developmental difference between fresh and alkaline-treated spermatozoa [37] . Most important, after 2-cell-stage embryos injected with alkaline-treated spermatozoa were transferred into recipient females, 37% of transferred embryos could reach full term, similar to intact spermatozoa. Moreover, the treated sperm head separated from the tail spontaneously, so that Piezo-activated micropipettes were not needed to cut the sperm tail. As a result, fewer doublestrand DNA breaks and fewer chromosome abnormalities were identified than when using freeze-thawed spermatozoa or heated spermatozoa, for which it was reported that Piezo treatment could lead to abnormal paternal chromosomes [38] .
In the present study, we pretreated epididymal spermatozoa with NaOH, coincubated them for various periods with different transgene concentrations for enhanced green fluorescent protein (EGFP), and then injected them into meiosis IIstage (MII) B6D2F1, 129X1/Sv, and C57BL/6 oocytes. Germline transmission to the F1 progeny was checked by natural mating of the Tg pups with ICR strain mice.
MATERIALS AND METHODS

Study Design
Unlike the previous methods using freeze-thawed and Triton X-100-treated spermatozoa, we first treated epididymal spermatozoa of B6D2F1 strain male mice with NaOH and then neutralized this with HCl, as described previously [37] . Next, single spermatozoa containing the EGFP construct were injected into MII oocytes. To examine the optimal condition for generating Tg mice efficiently, we designed the experiments as follows. In experiment 1, we coincubated the treated spermatozoa with the EGFP construct for different periods. In experiment 2, we varied the concentration of the EGFP construct. In experiment 3, embryos were transferred at the 2-cell stage under the optimal conditions for both hybrid and inbred mice strains. Finally, in experiment 4, all offspring were analyzed for transgene expression; furthermore, the Tg pups were examined for germline transmission and gene copy numbers (Fig. 1 ).
Animals
B6D2F1 (C57BL/6J 3 DBA/2), 129X1/Sv, C57BL/6, and ICR mice were obtained at age 8-10 wk from SLC (Hamamatsu, Japan). Transgenic mice carrying GFP (ICR background) were kindly provided by Professor Masaru Okabe [2] . An X chromosome-GFP Tg mouse (C57BL/6 background) displaying mosaic GFP expression was used as a control. All animals were maintained in accord with the Animal Experiment Handbook at the Center for Developmental Biology, RIKEN, Kobe, Japan.
Exogenous DNA
The EGFP plasmid construct (pCX-EGFP), containing the gene for GFP expressed under the control of the CMV-IE chicken b-actin enhancer/promoter, was kindly donated by Professor Masaru Okabe [2] . The SalI/HindIII fragment containing the EGFP and its regulatory elements was purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). This DNA stock solution (10 ng/ll) was used for all experiments.
Media
Hepes-buffered Chatot, Ziomek, Bavister (CZB) [23] medium was used for gamete handling and ICSI in air. The CZB medium [39] was used for embryo culture in an atmosphere of 5% CO 2 in air. Ca 2þ -free CZB containing 10 mM SrCl 2 (Wako, Osaka, Japan) was used to activate the oocytes injected with NaOH-treated spermatozoa artificially [40] . For embryo incubation, CZB and SrCl 2 containing Ca 2þ -free CZB were overlayered with sterile mineral oil (Wako).
Collection of Spermatozoa and Pretreatment
Epididymides were removed from male B6D2F1, 129X1/Sv, C57BL/6, and GFP Tg mice. After both epididymal ducts were cut with sharp scissors, a few drops of the dense sperm mass were placed into an Eppendorf tube with 100 ll of Hepes-CZB and incubated for 30 min at 378C. For NaOH-treated spermatozoa, we used the method described previously [37] . The sperm suspension (10 ll) was mixed 1:10 with 10 mM NaOH solution (Wako) in an Eppendorf tube and placed at room temperature (RT) for 1 h. The suspension was then neutralized using the same volume and concentration of HCl (Wako) to give a final pH of 7.3. For the freeze-thaw treatment, 10 ll of sperm suspension in Hepes-CZB was placed directly at À308C. For Triton X-100 treatment, 1 ll of Triton X-100 was added to 200 ll of motile sperm suspension in a 1.5-ml tube and left for 10 min at RT [29, 34] . Pretreated spermatozoa were coincubated with DNA solution for 3 min to 1 h at 48C, resulting in a final DNA concentration of 0.5-5 ng/ll in the mix. As a negative control, NaOHtreated spermatozoa were held at 48C for 1 h after neutralization. The treated spermatozoa were used for ICSI.
Oocyte Preparation
Female B6D2F1 mice were superovulated by the injection of 5 IU of equine chorionic gonadotropin, followed 48 h later by 5 IU of human chorionic gonadotropin. Cumulus-oocyte complexes (COCs) were collected from the oviducts 14-16 h later and moved into Hepes-CZB in a Falcon dish. To disperse the cumulus, the COCs were transferred into a 50-ll drop of Hepes-CZB containing 0.1% bovine testicular hyaluronidase (Sigma, St. Louis, MO) for 3 min. The cumulus-free oocytes were washed twice and then moved to a new 20-ll CZB drop for culture.
ICSI and Embryo Transfer
To inject fresh spermatozoa, approximately 1 ll of the incubated sperm suspension was mixed with a 30-ll drop of Hepes-CZB containing 10% (w/v) polyvinylpyrrolidone (PVP; Irvine Scientific, Santa Ana, CA). The sperm head was separated from the tail by the application of several Piezo pulses, and the head was then injected into the oocyte according to the method described by Kimura and Yanagimachi [23] . To inject the NaOH-treated spermatozoa, 2-3 ll of sperm-transgene mixture was moved into a 30-ll Hepes-CZB-PVP drop. Several sperm heads were picked up and moved into a new 10-ll drop for washing and were then injected into oocytes using the same method as already described. The sperm suspension was replaced every 30 min during the ICSI experiment. The oocytes that survived ICSI were incubated in CZB medium at 378C under an atmosphere of 5% CO 2 in air. For the oocytes injected with NaOH-treated spermatozoa, a Ca 2þ -free CZB medium containing 10 mM SrCl 2 was used to activate the oocytes artificially. Twenty microliters of 100 mM SrCl 2 stock solution dissolved in distilled water (stored at RT) was added to 180 ll of Ca 2þ -free CZB medium. Oocytes were incubated for at least 15 min after collection in plain CZB media and were then placed in the activation medium for 1 h. After being washed twice, oocytes were transferred to CZB medium to resume incubation. Pronucleus formation was checked 6 h after ICSI. Parthenogenetic activation was induced using the same activation medium in the presence of 5 mg/ml of cytochalasin B.
The ICR mice were used as the recipients of the embryos. Two-cell-stage embryos were transferred to a Day 0.5 pseudopregnant mouse that had been mated with a vasectomized male the night before transfer. Six to 10 embryos were transferred into each oviduct. At Day 18.5 of gestation, the offspring were delivered by cesarean section and allowed to mature.
Observation of EGFP Expression
For in vitro observation, embryos were incubated for 3.5-4 days after injection to examine EGFP expression at the blastocyst stage. They were observed under an IX71 fluorescence microscope (Olympus, Tokyo, Japan) equipped with a 488-nm filter.
Analysis of EGFP Expression in Offspring
Genomic DNA was obtained from tail tip biopsy specimens of newborn pups. Tail tips of EGFP-negative pups and EGFP Tg pups (SLC) were also taken as controls. These tissue fragments were treated with lysis buffer ( Applied Science]) and incubated at 508C overnight. Extracted genomic DNA was treated with a phenol:chloroform:isoamyl alcohol mix (25:24:1, pH 7.9) (Nacalai Tesque Inc.) twice and precipitated by ethanol (Wako). After dissolution with Tris-EDTA buffer (pH 8.0; Nacalai Tesque Inc.), DNA concentrations were adjusted to 0.3 lg/ll. Purified genomic DNA was used for each 10-ll reaction mixture for PCR analysis (Ex Taq; Takara, Kyoto, Japan). Primers used for detecting the PCR product of EGFP were as follows: 5 0 -AATCTAGAATGGTGATGAGCAAGGGCGAG-3 0 and 5 0 -AATCTA GACTTGTACAGCTCGTCCATG-3 0 for amplifying the open reading frame of EGFP and 5 0 -AAAAGCTTGGCGCTTTTGACTCAGGA-3 0 and 5 0 -GGAATTCAAGTCAGTGTACAGGCCAG-3 0 for amplifying the b-actin gene as an internal marker. The PCR reaction was carried out using 35 cycles of 958C for 10 sec, 588C for 30 sec, and 728C for 1 min.
Real-Time PCR Assay
Real-time quantitative PCR was used for detecting the transgene copy number in the Tg pups. We calculated the copy number standards using the follow formula: Mass of Transgene DNA in 1 lg of Genomic DNA ¼ n base pair (bp) of Transgene DNA / 3 3 10 9 bp of Genomic DNA [41] . Thus, for the 5510-bp pCX-EGFP, a sample with 1.836 pg of plasmid, was used as a singlecopy reference for the EGFP gene. RNaseP, a single-copy gene, was used as an endogenous control. Primers and probes were designed by ProbeFinder for the Mouse Universal ProbeLibrary (Roche Applied Science). Primers for EGFP were 5 0 -GCAAAGAATTCGCCACCAT-3 0 and 5 0 -TCCAGCTCGACCAG GATG-3 0 (Roche Applied Science Universal ProbeLibrary probe 17 [catalog No. 04686900001, probe sequence AGGAGCTG]). Quantitative PCRs were performed using 20-ll reaction volumes as follows: 10 ll of PCR Master Mix (Roche Applied Science), 20 lM EGFP probe, 20 pmol EGFP primers, and 1 ll of the DNA sample. The real-time quantitative PCR procedure was described previously [42] . A comparative C T method of quantitation (DDC T ) was used according to the manufacturer's instructions (StepOne Real-Time ABI PCR System; Applied Biosystems, Foster City, CA). The DDC T for EGFP and RNaseP was reported as a simple ratio, from which the copy number of EGFP was calculated.
Statistical Analysis
The efficiencies of embryonic development and EGFP-positive rate (Tables  2-4) were analyzed using arcsine transformation, followed by two-way ICSI-Tr USING NaOH-TREATED SPERMATOZOA ANOVA). A post hoc procedure using Turkey honestly significant difference test was used for multiple comparisons between the groups where appropriate. A computer program (SPSS 12.0 for Windows; SPSS, Inc., Chicago, IL) was used for statistical analysis. P , 0.05 was considered statistically significant.
RESULTS
Parthenogenesis in Artificially Activated Oocytes Injected with NaOH-Treated Sperm
Because NaOH-treated spermatozoa lost the ability for activating the oocytes, Ca 2þ -free medium containing strontium was used to artificially activate the injected embryos [37] . However, artificial activation can lead to the parthenogenetic development of oocytes without a male genome. We first used NaOH-treated GFP Tg mice spermatozoa to examine whether parthenogenesis occurred in this system. As with the fresh control group, all embryos injected with NaOH-treated spermatozoa after artificial activation that developed to the blastocyst stage express the GFP fluorescence (Fig. 2, A-B 0 , and Table 1 , row 2) in contrast to none in the parthenogenesis group ( Fig. 2 and Table 1 , row 4). Although few embryos reached the blastocyst stage without activation, these blastocysts also were GFP positive (Fig. 2 , C and C', and Table 1 , row 3).
Timing of Incubation of the NaOH-Treated Sperm Heads with pCX-EGFP
As with other ICSI-Tr methods, the B6D2F1 hybrid mouse strain was used in this study to assess the efficiency of Tg mouse production by ICSI-Tr. We examined the optimal time for interaction between the prepared sperm suspensions and EGFP constructs. After pretreatment, sperm heads were incubated with 5 ng/ll of pCX-EGFP for 3 min to 1 h. They were then injected into MII oocytes, and development was observed in vitro until the blastocyst stage. As summarized in Table 2 , all oocytes injected with NaOH-treated sperm heads formed two pronuclei 6 h after artificial activation, and 70% of zygotes without EGFP developed to the blastocyst stage, which was similar to control zygotes fertilized with fresh spermatozoa (78%). However, when NaOH-treated spermatozoa were mixed with the EGFP construct for 3 min, 10 min, 30 min, and 1 h, there were significantly reduced overall rates of development to the blastocyst stage (26% for 3 min, 31% for 10 min, 11% for 30 min, and 11% for 1 h), although no reduced development was seen in the negative control sperm heads held for 1 h after neutralization (61%). However, when treated sperm heads were incubated with pCX-EGFP for 3 min and 10 min, 68% and 67% of embryos, respectively, reaching the blastocyst stage showed EGFP fluorescence. Moreover, incubation for 30 min and 1 h produced high EGFP-positive rates (85% and 90%, respectively). The results showed that 17.4% and 20.9% of oocytes injected with sperm exposed for 3 min and 10 min, respectively, expressed the EGFP transgene, whereas only 9.3% and 9.6% were positive in the 30-min and 1-h groups, respectively. We then suggested that interaction for less than 10 min between NaOH-treated spermatozoa and pCX-EGFP resulted in an efficient production of Tg embryos, whereas the blastocyst development after ICSI decreased.
Transgenesis Efficiency of Different EGFP Concentrations
To determine the best conditions, five concentrations of pCX-EGFP (0, 0.5, 1, 2, and 5 ng/ll) were used to interact with 
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the NaOH-treated spermatozoa; of these injected oocytes, 67.6%, 52.4%, 48.2%, 51.9%, and 33.6%, respectively, developed to the blastocyst stage (Table 3 , rows 6-10, and Fig. 3, blue line) . However, the EGFP-positive rates observed at the blastocyst stage showed concentration-dependent effects. When sperm heads treated with 0.5, 1, 2, and 5 ng/ll of pCX-EGFP were used for ICSI, 25.5%, 44.6%, 60.0%, and 60.9% of blastocysts, respectively, were EGFP positive (Table 3 , rows 6-10, and Fig. 3, green line) . Because sperm heads coincubated with 5 ng/ll of pCX-EGFP showed the lowest overall embryonic development, the EGFP-positive rate in injected oocytes was lower than that with 2 ng/ll (19.8% vs. 31.2%) (Fig. 3, red line) . Thus, in this study, the NaOH-treated sperm heads incubated with 2 ng/ll of pCX-EGFP for less than 10 min showed the best efficiency of transgenesis.
To compare this method with the original ICSI-Tr method, freeze-thawed and Triton X-100-treated sperm heads exposed to pCX-EGFP were used as controls. Using Triton X-100 treatment, only 31.0% of injected embryos reached the blastocyst stage (Table 3 , row 3). Although the EGFP-positive rate at the blastocyst stage was similar to that using our NaOH method (55.6%), embryonic development to the blastocyst stage decreased; only 17.2% of injected oocytes became EGFP-positive blastocysts (Table 3 , row 3). Moreover, when freeze-thawed spermatozoa treated with 2 ng/ll of pCX-EGFP were used, extremely low rates of embryonic development (6.0%) and EGFP-positive blastocysts (5.2%) were observed ( Table 3 , rows 5 and 6).
Tg Offspring Using NaOH-Treated Spermatozoa
Two-cell-stage embryos produced by ICSI were transferred into oviducts of pseudopregnant female mice. As controls, NaOH-treated sperm heads incubated with pCX-EGFP and freeze-thawed untreated spermatozoa were injected into MII oocytes. Table 4 summarizes how using NaOH-treated sperm heads we obtained 32 EGFP-positive offspring in the hybrid strain experiment. The proportions of EGFP-positive pups were pCX-EGFP concentration dependent at lower concentrations; the positive rate decreased when 5 ng/ll was used. The best results were obtained at 2 ng/ll of pCX-EGFP, in which 12 pups of 34 offspring (35.3%), or 118 injected oocytes (10.2%), showed EGFP fluorescence (Table 4 , row 7, and Fig. 4 , A-A 00 ). Using freeze-thawed spermatozoa, only one Tg mouse (0.8%) (sperm incubated with 0.5 ng/ll of pCX-EGFP) was delivered after embryo transfer (Table 4 , row 3). Compared with the original methods, using NaOH-treated sperm heads produced Tg pups very efficiently, so fewer oocytes would be ICSI-Tr USING NaOH-TREATED SPERMATOZOA required in hybrid mouse strain transgenesis. Moreover, because inbred mouse strains are used widely in basic research, we examined whether Tg inbred mice could be generated. Two mouse strains, 129X1 and C57BL/6, were tested, and three 129X1/Sv and four C57BL/6 Tg pups were generated (Table 4, rows 10 and 12). None of the Tg pups demonstrated a mosaic expression of EGFP under UV light (Fig. 4 , A-C 00 ) compared with the weakly mosaic GFP expression in an X chromosome-GFP Tg pup (Fig. 4D) .
EGFP Transgene Integration and Germline Transmission
For examining Tg integration of EGFP in the F0 offspring, genomic DNA was obtained from tail tips of neonates. Some of the EGFP-positive and EGFP-negative pups were screened using PCR. All pups that expressed EGFP fluorescence were positive for the central part of the EGFP transgene after PCR analysis (Fig. 5) . Eleven randomly selected F0 founders were mated with EGFP-negative partners to test germline transmission of the EGFP transgene. As summarized in Table 5 , although we cannot determine the exact rate of transmission in No. 8 (some pups were eaten at birth) and No. 11 (dead because of dystocia), in most cases almost half of the F1 progeny were confirmed to show EGFP expression. Thus, these Tg mice generated by NaOH-treated sperm displayed no deviation from mendelian inheritance, suggesting that transgenesis integration into the host genome occurred before the first embryo cleavage. Furthermore, the transgene copy number was examined to detect the difference between this and previous methods. The copy number range was three to 19 ( Fig. 6) , as with previous methods, suggesting that the exogenous DNA had been inserted into the host genome randomly. 
FIG. 2. Comparison of in vitro development of NaOH-treated GFP Tg sperminjected embryos and parthenogenesis.
A and A') Blastocysts injected with fresh sperm. B-C') Blastocysts injected with NaOH-treated sperm with or without artificial activation. D and D') Parthenogenesis. All blastocysts showed GFP expression except the parthenogenesis group. Bar ¼ 100 lm.
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DISCUSSION
Herein, we developed a novel method in which NaOHtreated sperm heads were incubated with a pCX-EGFP construct before being used for ICSI-Tr. Of the injected oocytes, 10.2% developed to full-term Tg mice. Both hybrid and inbred strain Tg mice were produced. All examined F0 pups were fertile and displayed classical mendelian segregation of the EGFP transgene.
More than 10 years ago, ICSI-Tr was developed when spermatozoa were mixed with a transgene and then injected into MII oocytes [23, 24] . In this method, spermatozoa not only transport the transgene into the oocyte but also insert it into the host genome. The first reported ICSI-Tr used freeze-thawed, freeze-dried, and Triton X-100-treated spermatozoa to dissolve the plasma membrane of the spermatozoa [29] . Although this method produces a low mosaicism rate among newborn Tg animals in which the transgene is inserted into the host genome by the DNA repair mechanisms before the first cell cleavage [43] , the success rate of producing offspring is still less than 5% in general [29, 32] . It was reported that embryonic development was partly arrested, but almost 50% [18] or sometimes less than 30% [34] of injected oocytes could reach the blastocyst stage after ICSI with freeze-thawed or Triton X-100-treated spermatozoa. Moreover, the rate of producing offspring was significantly lower (,20%) than that using fresh spermatozoa (.50%) [29, 32, 44] . The cause of embryo loss was recently identified as paternal chromosome damage following freeze-thaw or Triton X-100 treatment [18, 34] . This suggested that higher efficiency could be obtained by   FIG. 4 . EGFP-expressing pups in different mouse strains following ICSI with NaOHtreated sperm heads. A-A'') B6D2F1. B-B'') 129X1/Sv. C-C'') C57BL/6. D) Day 3 newborn X chromosome-GFP Tg mouse (C57BL/6 background) displaying weakly mosaic GFP expression. c, pups lacking EGFP expression delivered from the same recipient mouse. ICSI-Tr USING NaOH-TREATED SPERMATOZOA 337 minimizing the damage to sperm chromatin. To minimize this damage in the present study, we used spermatozoa treated with 10 mM NaOH to interact with the exogenous gene. In our previous experiments, NaOH-treated spermatozoa showed lower paternal chromosome damage than heated and freezethawed spermatozoa. Only 33% of spermatozoa treated with NaOH showed abnormal chromosomes compared with almost 50% in freeze-thawed spermatozoa [37] . In addition, Yamagata et al. [36] reported that, using a new live-cell imaging technology, severe abnormal chromosome segregation was found in mouse embryos produced by freeze-thawed spermatozoa. Furthermore, alkaline treatment removes the plasma membrane and easily separates the tail from the head [45] .
Because NaOH-treated sperm cannot activate oocytes after injection, embryonic development may be compromised if parthenogenesis occurs after artificial activation. Using GFP Tg mice sperm, we showed that all blastocysts in the alkalinetreated group after activation express strong green fluorescence (Table 1 and Fig. 2 ). Because parthenogenesis did not require the male genome, as expected, no GFP-positive blastocyst was observed in the parthenogenesis group (Fig. 2, D and D 0 ). Moreover, we have previously reported [37] that all zygotes injected with NaOH-treated sperm could form a normal male pronucleus, as judged by the methylation status of histone H3 lysine 9, which only expresses in the female pronucleus. Based on these data, we suggested that NaOH-treated sperm can support normal development after artificial activation.
The timing of incubation of sperm heads with exogenous DNA and the transgene concentration used appear to be important for the efficiency of this method of transgenesis. However, in previous investigations spermatozoa were mixed with the transgene constructs for only a few minutes, and there is no evidence of a relationship between the incubation period and the efficiency of transgenesis. Our data showed that incubating for shorter than 10 min gave high rates of transgenesis (17.4% and 20.9% [ Table 2 , rows 4 and 5]), whereas the efficiency decreased with incubation periods longer than 30 min (9.3% and 9.6% [ Table 2, rows 6 and  7] ). Furthermore, exposure to pCX-EGFP for extended periods significantly impaired embryonic development. Injecting control NaOH-treated sperm heads held for 1 h after neutralization produced no decrease in development rates ( Table 2 , row 3). However, only about 10% of the injected oocytes reached the blastocyst stage ( Table 2, row 7) . Therefore, we suggest that a brief period of coincubation with pCX-EGFP is sufficient to combine spermatozoa with the exogenous DNA. On the other hand, different concentrations of exogenous DNA (0.5-25 ng/ll) have been examined using freeze-thawed or Triton X-100-treated sperm heads [18, 29, 32-34, 44, 46] . Some experiments using 5 ng/ll of exogenous DNA displayed low rates of blastocyst formation (27% and 40%) [18, 34] . We obtained similar results using 5 ng/ll of pCX-EGFP, in which 66.4% of injected embryos failed to develop (Table 3 , row 11). We hypothesize that in high transgene concentrations too many exogenous constructs combine with the host genome, disrupting endogenous gene expression or causing irreparable chromosome damage. With lower concentrations of the exogenous DNA, especially at 2 ng/ll, more EGFP-positive blastocysts were observed (Table 3 , row 10, and Fig. 3 , red line) than with other concentrations. Although high transgene concentrations and prolonged incubation could increase the spermatozoa and transgene combination, embryonic development was reduced significantly. Based on the number of injected oocytes, we conclude that incubating NaOH-treated spermatozoa with 2 ng/ll of pCX-EGFP for less than 10 min showed the best efficiency of transgenesis.
Producing live Tg pups is the most important measure of the efficiency of transgenesis. We compared the efficiency of our method with that in previous studies using the number of Tg pups born relative to the total number of oocytes injected. Previous research using freeze-thawed spermatozoa gave live birthrates of 2.1% using 0.5 ng/ll of EGFP construct [29] , 4.5% with 4-8 ng/ll [32] , and 6.7% with 15 ng/ll [46] . Triton X-100 treatment gave a rate of 2.8% [29] . In this study, we also tried to generate Tg mice using freeze-thawed sperm heads. Unfortunately, only one EGFP-positive pup was born after embryo transfer, giving a birth rate of 0.8% (Table 4 , row 3). Using NaOH-treated spermatozoa, 10.2% of injected oocytes developed to full-term Tg pups, which displayed strong green fluorescence under UV light (Table 4 , row 7, and Fig. 4, A and  A 0 ) . In other words, if NaOH-treated sperm were mixed with 2 ng/ll of pCX-EGFP and injected into 10 oocytes, one Tg mouse could be expected. Most survived and were healthy. We also examined various concentrations of the EGFP construct, and the results were similar to those seen in vitro (6.2% in 0.5 ng/ll of pCX-EGFP and 7.4% in 5 ng/ll [ Table 4 , rows 6 and 8]).
In all our experiments, B6D2F1 mice were used to generate the Tg mice. However, in most cases inbred mouse strains have an important role in biological research. Moreover, inbred mouse strains such as C57BL/6 are used for transgenesis research to identify functional genes or as genetic models for disease susceptibility, as these have fewer genetic problems than hybrid strains. To our knowledge, the success rate of producing Tg mice in an inbred strain (C57BL/6) was only 0.8% with PNI [47] and 1.3% with ICSI-Tr [31] . In the present study, although the success rate was lower in inbred strains than in hybrid strains, we produced both 129X1/Sv and C57BL/6 Tg mice at rates two to three times higher (Table 4, FIG. 6. EGFP gene copy in Tg pups using real-time PCR. Nine F1 Tg pups showing EGFP fluorescence were analyzed. pCX-EGFP vector was set as one copy. Pups 1, 5, 8, and 9 showed low copy numbers (three and four copies), whereas others showed high copy numbers, especially pups 3 (19 copies) and 7 (14 copies). 338 rows 10 and 12). For the 129X1/Sv strain, only 69% of injected oocytes formed pronuclei after artificial activation, suggesting that strontium activation may not be effective for this strain of mouse. It has been reported that medium containing ethyleneglycoltetracetic acid produced higher rates of blastocyst development following parthenogenetic activation than strontium [40] . It is possible that the efficiency of producing 129X1/ Sv Tg mice may be improved if more oocytes could be activated after being injected with NaOH-treated sperm heads. For the C57BL/6 strain, although embryonic development is normal in vitro, the rate of producing live offspring was only 29% in a previous study [48] , similar to that in our control group (29.2% [ Table 3 , row 10]). This might limit the efficiency of generating Tg pups in this strain. Nevertheless, it is clear that the use of NAOH-treated sperm heads can markedly improve the rate of generating Tg mice even from inbred strains.
A previous study [49] reported that some Tg animals showed gene silencing because of the random integration of exogenous DNA. However, when we checked the EGFP expression of the F0 Tg pups using PCR, all ''green'' mice displayed strong EGFP expression, meaning that there had been no gene silencing (Fig. 5) . The Tg mice that developed to adults were tested for fertility and germline integration by mating with normal B6D2F1 mice. As summarized in Table 4 , all were fertile. Except for some special cases, most heterozygous Tg mice displayed classical mendelian segregation of the transgene (Table 5 ). Gene copy numbers in Tg animals represent another important consideration. We anticipated that copy numbers could be controlled using NaOHtreated sperm heads. Real-time PCR showed a gene copy range of three to 19 (Fig. 6) , suggesting a similar phenomenon as in previous transgenesis experiments. Although it is still difficult to control the gene copy numbers, none of the Tg mice generated by NaOH-treated spermatozoa showed any abnormality.
The ICSI technique has now been applied to several methods of generating Tg animals, and the overall efficiency has improved, especially with advances in the construction of transgenes. The use of single-strand DNA complexes with Escherichia coli recombinase (RecA) resulted in RecAmediated transgenesis [50] . Using Tn5 transposase mixed with isolated sperm heads or round spermatids, transgenes can be easily inserted into mouse chromosomes [51] . In addition, a new plasmid containing piggyBac transposase was shown to be very efficient in generating Tg mice, as are lentiviral vectors [52, 53] . We compared the efficiency between our method and that of other published methods. Results showed that 4.8% of matrix attachment regions contained constructs [46] ; compared with 10.2% using our approach, the RecA-mediated method produced 7.7% and 8.2% [46, 50] , the TN5p-mediated method gave 11.3% [51] , and the piggyBac transposase method gave 22.8% [52, 53] . RecA-mediated transgenesis showed similar efficiency to the sperm freeze-thaw ICSI-Tr procedure, and more mosaic founder mice were observed among the Tg pups [46] . Although the TN5p-mediated method showed slightly higher efficiency than ours, gene silencing was noted in that 21.7% of Tg pups did not display EGFP fluorescence, and meiotic transmission of EGFP expression in some F1 Tg mice displayed extremely low or high ratios, which matched classical mendelian segregation [51] . The same phenomenon was observed in RecA-mediated transgenesis [46] . The piggyBac transposase method has shown the highest rate of producing Tg offspring. However, exogenous DNA expression, copy numbers, and germline transmission in Tg pups are also important to evaluate the efficiency of any method. Using the piggyBac method, mosaic EGFP expression was observed in all F0 Tg mice because DNA transcription can occur after the first cleavage [52] , but this was not seen in the present study. In addition, there was no analysis of germline transmission via natural mating in the piggyBac method, whereas all Tg pups in our study transmitted the exogenous DNA to their progeny (Table 5) . In our method, we only used pretreated spermatozoa, and the exogenous gene construct did not include any regions for easy binding to the host genome. We believe that the efficiency of producing Tg animals will be improved using NaOH-treated sperm heads and better transgene construction.
In conclusion, we have reported for the first time to date the generation of Tg mice by sperm pretreatment with an alkaline medium. Our method has the advantage of producing more Tg animals using fewer oocytes than previous methods because there is less damage to the spermatozoa. Pretreatment of the spermatozoa with NaOH is easy and inexpensive. All Tg pups were normal after natural mating and transgene expression testing. This method is expected to be an efficient tool for the basic study of reproductive biology and genetics in laboratory animals.
